• During inflammation, serotonin released by platelets activates vessel wall promoting leukocyte adhesion and recruitment.
Introduction
Platelets store serotonin in their dense granules at millimolar concentration and secrete it when they become activated. 1, 2 This requires a complex mechanism of uptake, storage, and targeted release that is similar to that in neurons, with the exception that platelets are not stationary but circulate in high numbers throughout the vasculature. Platelets do not synthesize serotonin but incorporate and store serotonin that is synthesized in duodenal enterochromaffin cells and secreted into blood. Several different effects of non-neuronal serotonin have been unraveled in the past, including prohemostatic (on platelets and vascular smooth muscle cells), 3, 4 mitogenic (on hepatocytes and pulmonary smooth muscle cells), 5, 6 and immunomodulatory (on lymphocytes, monocytes, and smooth muscle cells) [7] [8] [9] functions. In vitro studies have shown that serotonin also activates the release of Weibel-Palade bodies (WPBs) from endothelial cells, which would promote leukocyte rolling via the WPB constituent P-selectin. 10, 11 However, it is not clear whether serotonin influences neutrophil-endothelial interactions, a central step in early innate immune responses.
We chose 2 approaches to study serotonin effects on leukocyte rolling and recruitment: genetic deficiency of non-neuronal serotonin, as has been established in Tph1 Ϫ/Ϫ mice, 12 and pharmacologic depletion of platelet serotonin. Tryptophan hydroxylase (TPH) 1 is the rate-limiting enzyme for the synthesis of serotonin in non-neuronal cells and has been identified in enterochromaffin cells (primary source), pulmonary endothelial cells, mast cells, and with limited indirect evidence, monocytes/macrophages. [12] [13] [14] [15] It is distinct from the neuronal isoform TPH2. 12 Tph1 Ϫ/Ϫ mice are known to have defects in hemostasis, liver regeneration, pulmonary arterial pressure regulation, and erythropoiesis, but acute inflammatory responses mediated by neutrophil recruitment have not been addressed. 3, 6, 13, 16, 17 Here we present evidence that platelet serotonin modulates steady state leukocyte rolling mediated by P-selectin. The reduced neutrophil interaction with the vessel wall in the absence of platelet serotonin is translated into defective neutrophil recruitment to sites of acute inflammation.
Methods
Mice C57BL/6J mice were purchased from The Jackson Laboratory. Tph1 Ϫ/Ϫ mice were on C57BL/6J background. 12 Experimental procedures were approved by the Animal Care and Use Committee of the Immune Disease Institute and the Regierungspraesidium of Baden-Wuerttemberg, Germany.
Blood cell count
Blood was collected from the retro-orbital venous sinus into EDTAcontaining tubes (5mM) using heparin-coated glass capillaries (Kimble Chase) under anesthesia with 4% isoflurane. The numbers of red blood cells, white blood cells, and platelets were read on a Sysmex XE 2100 analyzer (Sysmex) and the differential count of neutrophils, monocytes, and lymphocytes was performed on a Hemavet 950 FS analyzer (Drew Scientific). Fluorescent beads at a defined concentration (Sphero Rainbow, Spherotech) were used for quantification of cell counts in lavages in flow cytometry.
Flow cytometry
Whole blood was incubated with red blood cell lysis buffer (Lonza) for 10 minutes on ice and centrifuged for 3 minutes at 600g. Supernatant was removed and pelleted cells were resuspended in phosphate-buffered saline (PBS). Samples were incubated with anti-mouse Ly-6G (Gr-1) and anti-mouse CD11b (eBiocience) and neutrophils were gated according to forward/side scatter characteristics and Gr-1/CD11b-positivity. Anti-mouse CD62L (L-selectin) and anti-mouse CD162 (PSGL-1, BD Pharmingen) were used to determine the cell surface expression of these adhesion molecules on a FACSCalibur flow cytometer (Becton Dickinson) using CellQuest Version 3.3 (BD Bioscience) and FlowJo Version 6.4.7 (TreeStar) software.
Quantification of serotonin, TNF␣, and soluble L-selectin
To estimate the biologically available serotonin content in whole blood, serum was prepared by strong single-agonist activation (thrombin) of platelets and coagulation. Blood was collected from the retro-orbital sinus with noncoated glass capillaries and incubated with 0.1 U/mL thrombin for 30 minutes at room temperature (Sigma-Aldrich). Clot and blood cells were pelleted by centrifugation at 1000g for 5 minutes and serum was purified by centrifugation at 16 000g for 5 minutes. Serotonin concentration was measured with the Serotonin Fast Track ELISA (Labordiagnostika Nord) according to the manufacturer's instructions. TNF␣-concentration in serum was measured with a mouse TNF␣ ELISA (eBioscience). Plasma was separated from EDTA-anticoagulated whole blood by centrifugation (1000g for 10 minutes, followed by 16 000g for 5 minutes). Concentrations of soluble murine L-selectin were measured with a sandwich ELISA (R&D Systems) according to the manufacturer's instructions.
Platelet serotonin depletion by serotonin uptake inhibition
To estimate the efficacy of fluoxetine for inhibiting platelet serotonin uptake in vitro, platelet-rich plasma (PRP) was obtained by 2 ϫ 5 minutes of centrifugation of heparinized blood at 100g. PRP was incubated with fluoxetine (Sigma-Aldrich) at the indicated concentration for 10 minutes and then with [ 14 C]-serotonin (57 mC/mmol/mL) for 30 minutes at 37°C. Serotonin uptake was terminated by adding 1 volume of 4% ice-cold paraformaldehyde solution. The samples were then centrifuged at 2500g for 5 minutes, and the supernatants were used for scintillation counting. Total [ 14 C]-serotonin was determined in samples lyzed with 0.5% triton X-100. For in vivo platelet serotonin depletion, 10 mg/kg fluoxetine was administered in the drinking water for 21 days.
Intravital microscopy of mesenteric veins
Six-week-old male mice were pretreated with an intraperitoneal injection of 20 mg/kg Escherichia coli serotype 055:B5 lipopolysaccharide (LPS), 50 mg/kg serotonin, or vehicle. After 4 hours, mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine intraperitoneally. Platelets and white blood cells were fluorescently labeled by retro-orbital injection of 50 L rhodamine 6G (1 mg/mL, Sigma-Aldrich). After median laparotomy a loop of ileum was exteriorized in a temperature-controlled, humidified plastic chamber and a small mesenteric vein with a diameter of approximately 200 m was visualized with an Axiovert 200M inverted microscope and an AxioCam MRm camera using AxioVision Rel. 4.6 software (Zeiss). Shear rate was determined with an Optical Doppler Velocimeter (Microcirculation Research Institute). Blood cell interactions with the endothelium were recorded for 1 minute in 3 veins/mouse and averaged. Leukocyte adhesion was defined as no visible movement for 30 seconds. Where indicated, leukocyte rolling 10 minutes after superperfusion of mesenterium with 20 L of 5mM histamine (Sigma-Aldrich) was compared with baseline rolling. All analyses were carried out off-line by an independent investigator blinded to genotype and treatment.
Transwell migration assay of isolated neutrophils
Neutrophils were isolated from murine bone marrow by negative immunoselection using magnetic beads (Miltenyi Biotec) as previously described (neutrophil purity was at least Ͼ 90%). 18 One-hundred thousand neutrophils in 100 L RPMI 1640 with 10mM HEPES and 0.5% BSA (Sigma-Aldrich) were placed in the upper well of a 12-transwell plate (Corning) and attracted with serotonin, vehicle or leukotriene B4 (LTB 4 ; Sigma-Aldrich) in 600 L of the same buffer in the lower well for 1 hour at 37°C and 5% CO 2 . Neutrophil transmigration through the 5-m diameter membrane pores was assessed by flow cytometry.
Platelet-neutrophil rosetting
As previously described, 19 blood was collected into either 3.2% citrate (platelets) or 15mM EDTA ϩ 1% BSA (neutrophils) containing tubes. Platelets were washed in modified Tyrode buffer and activated with thrombin (0.2 U/mL, Sigma-Aldrich) for 10 minutes at 37°C after which hirudin (1 U/mL, Sigma-Aldrich) was added to inhibit further thrombin activity. Neutrophils were isolated from bone marrow as described and incubated in a ratio of 10 platelets per 1 neutrophil for 45 minutes at 37°C. After fixation in 2% paraformaldehyde platelets were stained with a rat anti-CD41 antibody (BD Pharmingen) and neutrophil nuclei with Hoechst 33342 (Invitrogen). One-hundred neutrophils were analyzed by fluorescence microscopy in a blinded manner. A neutrophil was considered positive for rosetting when 2 or more platelets were bound to it.
Aseptic wound induction
Wounds were punched into a double-layer of dorsal skin using a standard dermatology biopsy punch (4-mm diameter, Kai Medical) as previously described. 20, 21 Wounds were photographed every 2 days next to a phantom punch for normalization. In a separate set of mice, wounds were excised 4 hours after wound induction with a 6-mm punch. After washing, samples were homogenized in PBS at 4°C using a polytron homogenizer. Homogenate was incubated with an equal volume of hexadecyltrimethylammonium bromide for 2 minutes. Myeloperoxidase (MPO) activity was determined after centrifugation by adding tetramethylbenzidine substrate (absorbance was read at 630 nm). Wound samples from a third set of mice were histologically stained with hematoxylin-eosin.
Sterile peritonitis
Eight-to 12-week-old male mice were treated with 1 mL of 4% thioglycollate intraperitoneally for chemical irritation or with the yeast cell wall particle zymosan A for biologic inflammation by toll-like receptor (TLR) 2 and complement receptor stimulation (0.6 mg/kg intraperitoneally, both Sigma-Aldrich) or vehicle. 21, 22 After 4 hours cells were recovered by peritoneal lavage with 8 mL of RPMI medium and counted by flow cytometry.
LPS lung inflammation
Acute lung inflammation was induced by intratracheal administration of LPS (300 g/kg; E coli serotype 026:B6, Sigma-Aldrich, in a volume of 80 L) to ketamine/xylazine-anesthetized mice. Bronchoalveolar lavage fluid was collected after 24 hours by washing the lungs 3 times with 1 mL of PBS containing 0.1mM EDTA 23 and analyzed by flow cytometry.
LPS endotoxic shock survival
Eight-to 10-week-old male mice were challenged by an intraperitoneal injection of E coli serotype 055:B5 or E coli 0111:B4 LPS (both SigmaAldrich) at a dose (20 mg/kg) that was determined as the lethal dose (LD) 60 to 80 in preliminary experiments (not shown). Mice were provided with fluid gel and food on the cage floor and monitored every 2 hours. The end point was a composite of severely labored breathing, somnolence, paralysis, bleeding, sustained severe tremor, lack of righting reflex, or death.
Electrocardiogram
Electrocardiogram (ECG) was recorded noninvasively in awake mice with an ECGenie system and analyzed using e-Mouse Version 2.1 software (Mouse Specifics).
Statistical analysis
Data are presented as mean Ϯ SEM and were analyzed by unpaired, 2-tailed student t test or ANOVA with Bonferroni correction. P values Ͻ .05 were regarded as statistically significant.
Results

Serotonin deficiency in Tph1 ؊/؊ mice is associated with mild leukocytosis
To test the hypothesis that non-neuronal serotonin may modulate innate immune functions by affecting leukocyte extravasation, we first performed a complete blood cell count in age and sex-matched WT and Tph1 Ϫ/Ϫ mice. The absence of non-neuronal serotonin in Tph1 Ϫ/Ϫ mice was associated with an increased white blood cell count compared with WT (9.1 Ϯ 0.4 versus 6.1 Ϯ 0.5 ϫ 10 3 /L, P Ͻ .0001; Figure 1 ). Although there was no difference in platelet count, the red blood cell count was reduced in Tph1 Ϫ/Ϫ mice compared with WT (8.9 Ϯ 0.3 versus 9.4 Ϯ 0.7 ϫ 10 3 /L, P Ͻ .01). In differential counting, circulating neutrophils were 40% more numerous in Tph1 Ϫ/Ϫ blood compared with WT (1.45 Ϯ 0.1 versus 1.06 Ϯ 0.1 ϫ 10 3 /L, P Ͻ .005). A 35% increase was seen for monocytes (0.27 Ϯ 0.02 in Tph1 Ϫ/Ϫ versus 0.20 Ϯ 0.02 ϫ 10 3 /L, P Ͻ .02), but not for lymphocytes, which circulated in similar numbers in Tph1 Ϫ/Ϫ and WT mice (5.71 Ϯ 0.4 in Tph1 Ϫ/Ϫ versus 5.98 Ϯ 0.4 ϫ 10 3 /L, ns). Granulopoiesis in bone marrow was similar in WT and Tph1 Ϫ/Ϫ mice (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article), indicating that the observed difference in peripheral blood were not because of enhanced neutrophil production. These results suggest that genetic ablation of non-neuronal serotonin results in mild leukocytosis primarily driven by an increase in the number of circulating neutrophils.
L-selectin shedding is slightly enhanced in Tph1 ؊/؊ neutrophils
We next measured the surface expression of 2 important neutrophil ligands, P-selectin glycoprotein ligand (PSGL)-1 and L-selectin, because changes in surface ligand density could affect neutrophilendothelial interactions or reflect cell-aging processes. In circulating neutrophils, the expression of L-selectin was reduced by 20% in Tph1 Ϫ/Ϫ mice compared with WT ( Figure 2B ). PSGL-1 expression on the other hand was unaffected ( Figure 2A ). Plasma of Tph1 Ϫ/Ϫ mice contained more soluble L-selectin than plasma from WT mice ( Figure 2C ). These results indicate that Tph1 Ϫ/Ϫ mice show increased shedding of L-selectin from circulating neutrophils possibly reflecting longer time spent in circulation. 19 
Leukocyte rolling on unstimulated endothelium is faster in the absence of platelet serotonin
Intravital microscopy of unstimulated mesenteric veins was used to examine whether a difference in leukocyte-endothelial interactions may explain the mild leukocytosis seen in Tph1 Ϫ/Ϫ mice. The number of rolling leukocytes was reduced by 50% in Tph1 Ϫ/Ϫ mice compared with WT (32 Ϯ 4 versus 69 Ϯ 6 cells/0.04 mm 2 min Ϫ1 , P Ͻ .0001; Figure 3A ). The leukocytes that did roll were significantly faster in Tph1 Ϫ/Ϫ than in WT mice (55 Ϯ 3 versus 35 Ϯ 2 m/s, P Ͻ .0001; Figure 3B ), indicating fewer selectin-mediated interactions.
Because sources of peripheral serotonin other than platelets could promote endothelial activation, a pharmacologic model of platelet serotonin depletion was applied. Platelets, monocytes/ macrophages, mast cells, and endothelial cells have been shown to express the serotonin transporter SERT (which is inhibited by selective serotonin reuptake inhibitors, SSRI), but only platelets are not capable of synthesizing their own serotonin, because unlike these other cell types, platelets do not express TPH1. 2, 13, 14, 24 The SSRI fluoxetine inhibited the uptake of 14 C-serotonin into isolated platelets with an IC80 of 10 M ( Figure 3C) . A 3-week treatment course with fluoxetine in the drinking water reduced serum serotonin, that is available platelet serotonin, in WT mice by more than 80% (from 3.2 Ϯ 0.1 to 0.6 Ϯ 0.2 g/mL, P Ͻ .0001; Figure  3D ). Fluoxetine treatment reduced the number of rolling leukocytes by 38% (P Ͻ .0001) and their rolling was faster than in control WT mice ( Figure 3E-F) . Only negligible leukocyte adhesion was observed in these experiments (Յ 0.1 cells/0.04 mm 2 in all groups). The groups were well matched with respect to body weight (19 Ϯ 0.4 and 20 Ϯ 0.4 g in WT and Tph1 Ϫ/Ϫ mice, respectively; P Ͼ .05), vessel diameter (233 Ϯ 11 and 237 Ϯ 9 m; P Ͼ .05), and Newtonian wall shear rate (131 Ϯ 7 and 126 Ϯ 9 s Ϫ1 ; P Ͼ .05). Systemic administration of serotonin normalized the number of rolling leukocytes in Tph1 Ϫ/Ϫ mice but did not significantly increase the number of rolling leukocytes in WT mice (supplemental Figure 2A ). Transplantation of WT bone marrow into Tph1 Ϫ/Ϫ mice neither increased serum serotonin levels nor leukocyte rolling significantly 6 weeks after transplantation, suggesting that serotonin synthesized by nonhematopoietic, probably enterochromaffin cells enhanced leukocyte rolling (supplemental Figure 2C-D) . In summary, absence of non-neuronal serotonin in Tph1 Ϫ/Ϫ mice or platelet serotonin depletion with fluoxetine were associated with a 40% to 50% decrease in the number of rolling leukocytes and a concomitant increase in rolling velocity, suggesting that platelet serotonin regulates endothelial baseline activation.
Local administration of histamine increases leukocyte rolling irrespective of non-neuronal serotonin
To evaluate whether leukocyte rolling in Tph1 Ϫ/Ϫ mice could be normalized by a physiologic secretagogue of WPBs, we stimulated endothelium by local superperfusion of the mesentery with histamine. 25 Ten minutes after this stimulation the number of rolling leukocytes increased considerably and was similar in WT (197 Ϯ 25 cells/0.04 mm 2 min Ϫ1 ) and Tph1 Ϫ/Ϫ mice (204 Ϯ 31 cells/0.04 mm 2 min Ϫ1 ; P Ͼ .05, n ϭ 8). This indicates that the secretory response of endothelium to a stimulus was not defective and that leukocytes in Tph1 Ϫ/Ϫ mice could roll normally when given adequately activated endothelium.
Leukocyte adhesion on LPS-stimulated endothelium is decreased in the absence of platelet serotonin
Leukocyte-endothelial interactions without or with only weak stimulation consist of rolling and almost no firm adhesion. 26 To examine whether low levels of rolling in the absence of serotonin also reduces firm adhesion of leukocytes, endothelium was activated by intraperitoneal injection of the TLR4 agonist LPS. Four hours after this challenge, rolling was slow and a large number of leukocytes firmly adhered to the endothelium. We observed an approximately 30% decrease in leukocyte adhesion in Tph1 Ϫ/Ϫ mice or WT mice pretreated for 3 weeks with fluoxetine compared with untreated WT mice ( Figure 4B-D) . Systemic administration of serotonin normalized the LPS-induced leukocyte adhesion in Tph1 Ϫ/Ϫ mice (supplemental Figure 2B) . These data indicate that the absence of non-neuronal and in particular platelet serotonin is associated with a decrease in LPS-induced leukocyte adhesion on venous endothelium. BLOOD, 7 FEBRUARY 2013 ⅐ VOLUME 121, NUMBER 6 For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From
Fewer neutrophils extravasate in acute peritonitis, lung inflammation, and in aseptic skin wounds in the absence of non-neuronal serotonin
Early leukocyte recruitment to sites of inflammation (within 24 hours) mainly involves neutrophils. 27 The extravasation of neutrophils into different acutely inflamed organs was therefore investigated in WT and Tph1 Ϫ/Ϫ mice. Four hours after induction of acute peritonitis, the number of neutrophils that could be retrieved from the abdominal cavity by lavage was reduced by approximately 50% in Tph1 Ϫ/Ϫ mice compared with WT ( Figure  5A ). Acute lung inflammation was induced by inhalation of LPS and extravasated cells were harvested by bronchoalveolar lavage. Again, significantly fewer neutrophils were detected in Tph1 Ϫ/Ϫ lavage compared with WT ( Figure 5B ). These data show that neutrophil extravasation in acute inflammation is reduced in the absence of non-neuronal serotonin.
To examine how non-neuronal serotonin influences wound healing, aseptic skin wounds were punched into the dorsal skin of Tph1 Ϫ/Ϫ and WT mice. Neutrophil extravasation after 4 hours was reduced in Tph1 Ϫ/Ϫ mice as assessed by histologic staining and chemical detection of the neutrophil enzyme MPO ( Figure 5C ). This decrease in neutrophil extravasation was associated with a significantly prolonged time to wound closure in Tph1 Ϫ/Ϫ mice ( Figure 5D) ; thus it appears that the reduction in neutrophil extravasation in Tph1 Ϫ/Ϫ mice is pathophysiologically relevant.
Neutrophil migration during in vitro chemotaxis and platelet-neutrophil rosetting are not affected by serotonin
Serotonin did not act as a chemoattractant in an in vitro transmigration assay using transwell chambers ( Figure 6A ). There was also no significant difference between neutrophils from WT and Tph1 Ϫ/Ϫ mice in their chemotactic response to the strong chemoattractant LTB 4 (only a nonsignificant trend toward reduced migration in neutrophils from Tph1 Ϫ/Ϫ mice at very high LTB 4 concentrations, Figure 6B ). A defect in platelet/neutrophil binding could perhaps also result in reduced inflammatory recruitment in Tph1 Ϫ/Ϫ mice. We therefore evaluated platelet and neutrophil rosetting after platelet activation with thrombin. We found it was similar in isolated cells from WT and Tph1 Ϫ/Ϫ mice ( Figure 6C ). Thus, serotonin does not appear to be a chemoattractant for neutrophils and its absence does not prevent P-selectin-mediated adhesion of platelets to leukocytes.
Survival of LPS endotoxic shock is improved in Tph1 ؊/؊ mice
An extreme manifestation of neutrophil-driven acute inflammation is the systemic response in septic shock, which is associated with high mortality (up to 60%). 28 We hypothesized that the absence of peripheral serotonin in Tph1 Ϫ/Ϫ mice may provide protection from septic shock because neutrophil recruitment was reduced in these mice. After injection of a dose of E coli serotype 055:B5 LPS that was lethal for approximately 60% of WT animals, survival in male Tph1 Ϫ/Ϫ mice was significantly better (with 10% mortality after 60 hours; P ϭ .0048; Figure 7A ). Challenge with LPS from another E coli serotype (0111:B4) with a dose that was lethal for approximately 80% of WT mice was again associated with improved survival in the absence of non-neuronal serotonin (with 40% mortality in Tph1 Ϫ/Ϫ mice; Figure 7B ). This survival benefit of Tph1 Ϫ/Ϫ mice was not associated with a suppression of the proinflammatory cytokine TNF␣, but rather an increase in plasma after 4 hours ( Figure 7C ). Although LPS slightly reduced heart rate and significantly suppressed heart rate variability, ECG analysis revealed no significant differences between Tph1 Ϫ/Ϫ and WT mice ( Figure 7D-E) . These results suggest that non-neuronal serotonin contributes to septic shock mortality independently of TNF␣ release or influences on heart rhythm. 
Discussion
Based on the previous observation that serotonin induces WPB secretion from endothelial cells in vitro, 10, 11 we hypothesized that peripheral serotonin may be involved in the recruitment of leukocytes during acute inflammatory processes. We report now that the targeted migration of neutrophils into inflamed organs is indeed promoted by non-neuronal, probably platelet-derived, serotonin.
In vitro studies previously addressed possible effects of serotonin on neutrophils, but the results were confusing, including diametrically opposing findings. [29] [30] [31] [32] [33] [34] To date, the existence or nonexistence of serotonergic components in neutrophils has not been established. Some groups propose direct effects of serotonin on neutrophils in oxidative burst whereas others attribute serotonininduced effects to the release of messengers from endothelial cells or to direct extracellular effects of serotonin. 29, 30 Serotonin did not induce significant superoxide production in an investigation of human neutrophils, 31 but decreased the production of reactive oxygen species in other studies. 32 Recently, it was reported that serotonin inhibited the oxidative burst in total leukocyte preparations from human blood, but not in isolated neutrophils. 33 In vitro migration of polymorphonuclear cells was not influenced by serotonin, which is in accordance with our observations. 34 In vivo studies examining vascular permeability have shown that perivascular mast cells secrete serotonin to induce an early, leukocyte-independent phase of edema formation. 35 The recruitment of leukocytes did not depend on mast cell-derived serotonin in these studies. However, early leukocyte adhesion (within 60 minutes, ie, predominantly neutrophil adhesion) after injection of LPS depends on the activation of serotonin receptors as shown by pharmacologic blockade in another study. 36 Although this study did not examine which cell types were involved, it supports our conclusion that non-neuronal serotonin is required for neutrophil recruitment.
The absence of non-neuronal serotonin in Tph1 Ϫ/Ϫ mice was associated with mild leukocytosis, which was predominantly driven by an increased neutrophil count that occurred in the absence of increased granulopoiesis. In accordance with previous results, RBC count was slightly reduced and platelet count was unaltered in Tph1 Ϫ/Ϫ mice. 3, 17 Although monocytes were also increased in Tph1 Ϫ/Ϫ mice, there was no significant difference in lymphocyte count. This phenotype suggested a role of peripheral serotonin in neutrophil homeostasis that is reminiscent of the phenotype of P-selectin-deficient mice, where neutrophil clearance is delayed resulting in an increased neutrophil count. 19, 26 Supporting a prolongation of the time that neutrophils spent in circulation, L-selectin shedding was increased in Tph1 Ϫ/Ϫ mice. 19 Direct activation of the endothelium with the WPB secretagogue histamine induced the same response in WT and Tph1 Ϫ/Ϫ mice with similar numbers of rolling leukocytes; also, injection of serotonin could normalize leukocyte rolling. This indicates that the machinery involved in WPB release was intact, mediating early leukocyte rolling via P-selectin, and that leukocytes from Tph1 Ϫ/Ϫ mice could roll normally. 25 In contrast, leukocyte adhesion after systemic inflammatory stimulation with LPS was reduced in Tph1 Ϫ/Ϫ mice, suggesting that serotonin amplifies inflammatory leukocyteendothelial interactions.
We used several models of acute inflammation to demonstrate that the defect in leukocyte-endothelial interactions translated into impairment of neutrophil extravasation in Tph1 Ϫ/Ϫ mice. Closure of aseptic wounds, a neutrophil-driven process, 37 was prolonged in Tph1 Ϫ/Ϫ mice. Whether SSRI-treated patients suffer from prolonged wound healing or show defective neutrophil recruitment is an interesting question that has not been investigated. The decrease in neutrophil extravasation during peritonitis and acute lung injury in Tph1 Ϫ/Ϫ mice was in the same magnitude as was reported in P-selectin Ϫ/Ϫ mice but not as striking as in P-/E-selectin double knock-out mice. 38, 39 The phenotype we observed in Tph1 Ϫ/Ϫ mice is also similar to that of VWF-deficient mice, which cannot present P-selectin on stimulated endothelium because storage of P-selectin is defective. 40 These mice also show reduced numbers of rolling leukocytes, rolling with increased velocity, and reduced neutrophil extravasation. Thus, it is probable that the defective neutrophil recruitment in Tph1 Ϫ/Ϫ mice results from a decrease in basal WPB (C) Serum TNF␣ levels at the indicated time points after E coli 055:B5 LPS injection (n ϭ 3). Heart rate (D) and heart rate variability (E) were measured noninvasively in awake mice at the depicted time points after E coli 055:B5 LPS challenge (n ϭ 6).
BLOOD, 7 FEBRUARY 2013 ⅐ VOLUME 121, NUMBER 6 For personal use only. on May 29, 2017 . by guest www.bloodjournal.org From secretion. Serotonin directly modulates functions of several other immune cells, but unlike in the case of dendritic cells, mast cells, and eosinophils, serotonin did not act as a chemoattractant to induce in vitro migration of neutrophils. 7, [41] [42] [43] [44] In vitro plateletneutrophil rosetting was also independent of the platelet serotonin content, indicating that serotonin does not influence platelet P-selectin expression and platelet-neutrophil interactions. It is more probable that serotonin enhances neutrophil extravasation by regulating endothelial selectin expression, because serotonin induces WPB exocytosis in cultured endothelial cells 10, 11 and injection of serotonin enhanced leukocyte rolling in the Tph1 Ϫ/Ϫ mice.
A very similar defect in leukocyte-endothelial interactions as observed in Tph1 Ϫ/Ϫ mice could be reproduced by pharmacologic depletion of the serotonin storage pool in circulating platelets with the standard SSRI fluoxetine. Depressed patients who take an effective daily dose of SSRI drop their whole blood serotonin content by 90% after 3 weeks. 45 The experimental conditions were established by in vitro (isolated platelets) and in vivo (intraperitoneal injection into mice, not shown) treatment with fluoxetine, which efficiently inhibited the uptake of labeled serotonin into platelets. Fluoxetine administration in the drinking water reduced the pool of available serotonin in WT mice, that is, the amount of serotonin that can be released after maximal stimulation into blood serum, by Ͼ 80%. Unlike other cellular sources of peripheral serotonin, platelets do not express TPH1 and therefore cannot synthesize serotonin on their own. 3 Mast cells are a local source of serotonin, mediating edema formation and modulating vascular tone. 46 However, it is very unlikely that SSRI treatment also depletes mast cell serotonin, because mast cells synthesize serotonin in their cytoplasm with TPH1, which means that interrupting serotonin uptake with SSRI would not reduce intracellular serotonin contents. 14 The same reasoning applies to endothelial cells and monocytes/macrophages. 13, 24 A limitation of our study remains the lack of direct evidence that serotonin derived from other peripheral cells is not involved in the recruitment of neutrophils. Still, a very recent report supports the importance of platelets for the targeted serotonin release in inflammatory reactions, showing that joint edema formation in arthritis depends on serotonin release from platelets. 47 A striking inflammatory response is septic shock. We tested the hypothesis that non-neuronal serotonin enhances this neutrophildriven disorder, which was suggested previously by pharmacologic studies with 5-HT2 receptor antagonists and fluoxetine. 36, 48 Indeed, Tph1 Ϫ/Ϫ mice were protected from lethal LPS-induced septic shock. In the early response to LPS challenge, heart rate and blood pressure slightly decrease, TNF␣ levels increase, and heart rate variability drops significantly in mice. 49 Because Tph1 Ϫ/Ϫ mice showed a similar response in these parameters as WT mice, they appear to be independent of non-neuronal serotonin (serotoninenhanced sympathetic tachycardia is primarily mediated by neuronal serotonin receptors). 50 Serotonin is a known platelet coactivator and enhances the procoagulant properties of activated platelets, which may also affect intravascular coagulopathy in sepsis. 3, 4 Together, our data indicate that Tph1 Ϫ/Ϫ mice are protected from septic shock because of reduced neutrophil recruitment (and possibly reduced platelet activation), but not because of a difference in cytokine secretion or cardiovascular changes.
If future studies show that platelet serotonin also drives neutrophil recruitment in humans, this mechanism could have important clinical implications. Possible anti-inflammatory therapeutic strategies targeting platelet serotonin include reducing non-neuronal serotonin synthesis (by TPH1 inhibition), depleting platelet serotonin stores (by SERT inhibition), or preventing excessive platelet serotonin release (by general or specific antiplatelet therapy). We conclude that platelet serotonin constitutively enhances leukocyte rolling and surveillance of the vessel wall. Platelets also deliver serotonin to sites of inflammation to enhance the recruitment of neutrophils in innate immune reactions. The release of serotonin is yet another way by which platelets enhance inflammatory responses. Excessive neutrophil recruitment may thus also become a target of antiserotonergic treatment strategies.
